Introduction
MHC diversity is considered crucial for the ability of populations to resist disease 108 challenges (O' Brien & Evermann, 1988; Muirhead, 2001; Bernatchez & Landry, 2003 ; 109 Kurtz et al., 2004) . In keeping with this hypothesis, MHC variation has been shown to be 110 vulnerable to genetic erosion arising from bottleneck events in New Zealand robins 111 (Petroicidae) (Miller & Lambert, 2004) shown a moderate but significantly greater loss of variation at MHC than neutral loci 126 (Sutton et al., 2011) . This study mainly included data from MHC class II (94%) due to an 127 apparent publication bias. 128 (Bernatchez & Landry, 2003; Aguilar & Garza, 2006; van Oosterhout et al., 2006; Oliver et 134 al., 2009) ; and populations should be less differentiated at MHC than at neutral markers, 135 due to higher effective gene flow and more even allele frequency distributions (Muirhead, 136 2001) . Reasonably, population differentiation at a MHC-linked microsatellite should also be 137 less than that at neutral microsatellites. However, higher population differentiation than 138 neutral expectations is normally observed empirically at MHC loci (Bernatchez & Landry, 139 2003; Sutton et al., 2011) . This has been attributed to fluctuating selection (Spurgin & 140 Richardson, 2010) on MHC alleles arising from differential pathogen pressures (Muirhead, and these loci are not linked (Shum et al., 2001; Grimholt et al., 2002; Stet et al., 2002; 146 Aoyagi et al., 2002) . In this respect, these genes are not a "complex", as in other 147 vertebrates, and are referred to as "Major Histocompatibility" (MH) genes in salmonids. 148 However, the common acronym "MHC" is used to refer to them in this paper. The unlinked 149 nature of the class I and class II loci in salmonids allows independent detection of 150 selection on each locus, something which is confounded in similar studies in most other 151 vertebrates. (Slettan et al., 1995) , F43 (Sanchez et al., 176 1996) and Str543 (Presa & Guyomard, 1996) and a microsatellite locus embedded in the 177 untranslated 3' end of the MHC class I locus (Satr-UBA). This dinucleotide microsatellite 178 marker has been demonstrated to be tightly linked to the class I locus in Atlantic salmon (Salmo salar L.) (Grimholt et al., 2002) . It has been successfully employed previously in 180 studies in S. salar (de Eyto et al., 2007; Consuegra et al., 2011) and S. trutta (Coughlan et 181 al., 2006; Hansen et al., 2007; O' Farrell et al., 2012) . The pattern of linkage has been 182 discussed in some detail in these publications. Briefly, the marker locus is less variable 183 than Satr-UBA, with one marker allele often being linked to more than one Satr-UBA allele 184 (Coughlan et al., 2006; O' Farrell et al., 2012) . It should be noted that marker alleles do not 185 necessarily reflect functional characteristics of linked UBA alleles and the proteins they 186 encode. No similar marker was available for MHC class II in these S. trutta. 187 188 189 DNA extractions were conducted by dissecting small pieces of tissue (1-5 g) from 190
the samples and added to 0.5ml tubes containing 300 l of 10% (weight/volume) Chelex™ 191 solution. The mixture was heated at 99ºC for 1 hour. Samples were centrifuged at 3000 192 rpm for 3 min and then stored at -20ºC. 193 194 195 PCR amplifications were carried out in a 10 l reaction volume under the following 196 conditions: 95°C 3min; (95°C for 30s, 56°C for 30s, and 72°C for 30s) X 30 cycles. Alleles 197 were resolved on 18cm or 25 cm 6% polyacrylamide gels, using a Li-Cor 4200 DNA 198 sequencer. Allele sizes were determined by reference to a 50-350bp size ladder and locus-199 specific allele size standards. These allele size standards were constructed in the 200 laboratory using the full complement of allele sizes observed in pilot studies, to enable 201 consistent scoring amongst batches of individuals screened for each locus. When initial 202 genotyping was unclear due to gel electrophoresis problems or weak amplification (~4% of 203 genotypes), S. trutta fry samples were re-extracted and re-screened. Large allele dropout 204 was identified as an occasional problem but large alleles could usually be reliably scored 205 after re-screening. Following re-screening, the final estimated error rate was 0.5% of 206 composite genotypes per individual (Coughlan et al., 2006) . in the range K=2 to K=17. Having narrowed the range suitably and plotted the log 228 likelihood values for these runs, an admixture model with correlated allele frequencies was 229 again used and the appropriate number of clusters (K) identified using three runs each at 230 each value of K between 9 and 14 (Burn-in 100,000 with subsequent 1,000,000 MCMC 231 iterations). The appropriate number of clusters (K) was identified with reference to plots of 232 Ln P(D) values while setting a cut off for K at that level wherein additional clusters had no 233 obvious explanation in geography and where few, if any, individuals strongly assigned to 234 the additional cluster (Falush et al., 2003) . The program DISTRUCT was used to generate 235 high quality graphical outputs of the STRUCTURE results (Rosenberg, 2004) . Allelic richness (AR) for each population was estimated by a bootstrap procedure 260 which corrected for sample size differences. The smallest sample was the Mulkear BW 261 sample, with data for 27 diploid individuals for one locus (Table I) individuals to a particular cluster was found in the Owenwee (Cluster 8; 56.3%), Owenduff 296 (Cluster 11; 70.5%), the Goulaun (Cluster 2; 56.0%), Owenmore (Cluster 9; 45.5%) and 297 Erriff (Cluster 6; 44.0%) (see Table I , Fig. 2) . 298 299 300
The two populations isolated above waterfalls in the Srahrevagh and Mulkear 301 demonstrated the least admixture amongst clusters. Virtually all individuals strongly 302 assigned to cluster 4 in the Srahrevagh AW sample and the overall sample assignment 303 was 86.1%. However, individuals could be identified in the Srahrevagh below the waterfall 304 (BW) which strongly assigned to the same cluster, 4, at Q 0.5 (number of individuals, 305 n=8). These were considered likely to be downstream migrants. This was not unexpected 306
as it is possible that fry may pass down over the waterfall but fish are not able to get up the 307 waterfall. This does suggest the possibility for some unidirectional gene flow from above 308 the waterfall to below and there were a further small number (n=12) of fry in the 309 Srahrevagh (BW) sample which may be admixed, showing intermediate assignment 310
(0.1<Q¡ 0.5) to the ¢ above waterfall cluster£ . However, there was strong differentiation between the above and below waterfall populations in the Srahrevagh (¤ = 0.077, 312 p<0.001). This was not the case in the Mulkear ( = 0.007, ns) where the same cluster 313 was found in both samples (n=5) although there was more evidence of admixture below 314 the waterfall (Mulkear AW 90.5%, Mulkear BW 78.9%). 315 316 317
There were some important exceptions to the general trend of agreement between 318 river systems and clustering patterns. The Carrowniskey (Cluster 6 44.7%) and Lough 319
Alisheen (Cluster 1 77.0%, see Fig 2) samples were initially considered to be taken from 320 the same population but preliminary tests, including the use of STRUCTURE, identified 321 strong population differentiation ( = 0.074, p<0.001). The two were considered separately 322 in subsequent analyses. Cluster 6 was the most common cluster in both the Carrowniskey 323 (44.7%) and Erriff (44.0%). The Carrowniskey and the Erriff have a much lower (0.0194) 324 than do the Carrowniskey and the next nearest neighbour, the Owenwee ( = 0.055). 325
There is no obvious reason for this similarity between the Carrowniskey and Erriff, 326
although the mouths of the rivers are reasonably close. Cryptic population structure was 327 identified in the Skerdagh S1 and S4 samples. Both are largely composed of cluster 7 328 (77.2% and 33.3%, respectively, Fig. 2 ) but the Skerdagh S4 sample demonstrates far 329 more admixture with cluster 8 (23.5%) (which is mainly found in the Owenwee) and is 330 significantly differentiated from Skerdagh S1 ( = 0.055, p<0.001). The Skerdagh S4 331 sample is less differentiated from the Owenwee ( =0.038) than the Skerdagh S1 sample 332 is from Owenwee ( = 0.079). The Goulaun (56.0%) and Srahrevagh (BW) (17.5%) 333 samples are both in the Burrishoole system, cluster 2 was common in both but the 334 Srahrevagh (BW) demonstrated admixture with two other clusters, 3 (29.2%) and 10 335 (29.5%), which were much less common in the Goulaun (4.4% and 11.3%, respectively). (Table II) Table I) . (Table I, Fig. 3, 4) . Individual heterozygosity at neutral markers in the Srahrevagh 359 had a median value of 0.750 below the waterfall and 0.625 above (Mann-Whitney test, Z=-360 6.587, p=0.001). A paired t-test on locus by locus proportions of heterozygotes at neutral 361 loci also showed significantly lower variation above the waterfall (t=-4.812, df=7, p=0.002). 362
In the Mulkear, median individual heterozygosity at neutral markers was 0.571 below the 363 waterfall and 0.470 above (Mann-Whitney test, Z=-2.976, p=0.003) while the paired t-test 364 on locus by locus proportions of heterozygotes at the neutral loci was also significant (t=-365 3.185, df=7, p=0.015). 366 367 368
Neutral allelic richness was significantly greater below the waterfall in the 369 Srahrevagh (7.59, CI95%±0.0019) than above the waterfall (5.21, CI95%±0.0012) 370
(Bootstrap test, p=0.000001; Paired sample t-test, t=-3.722, df=7, p=0.007). Neutral allelic 371 richness was also significantly greater below the waterfall in the Mulkear (4.70, 372 CI95%±0.0007) than above the waterfall (3.47, CI95%±0.0013) (Bootstrap test, p=0.046; 373
Paired sample t-test t=-3.087, df=7, p=0.018). 374
376
Variation at the MHC class I-linked locus was not significantly reduced for either 377 individual heterozygosity or allelic richness in the populations isolated above waterfalls 378 (Table I, Fig. 3, 4) . The proportion of heterozygotes in the Srahrevagh above the waterfall 379 was 0.852 while the proportion below was 0.885 (t-test, df=193, t=0.511, p=0.610). In the 380
Mulkear, the proportion of heterozygotes was not significantly different above (0.778) and 381 below (0.795) the waterfall (t-test, df=100, t=0.188, p=0.851). Allelic richness was not 382 significantly different above (8.58, CI95%±0.0040) and below (7.84, CI95%±0.0062) the 383 waterfall in the Srahrevagh (bootstrap test, p=0.636). However, allelic richness was 384 actually, marginally, significantly higher above the waterfall in the Mulkear (6.54, 385 CI95%±0.0037) than below (5.00, CI95%±0.0000) (bootstrap test, p=0.047). 386 387 388 Population differentiation ( ) (Table II) was significantly less at the MHC class I-389 linked locus (mean 0.078±0.0050) than at neutral loci (mean 0.104±0.0074, Wilcoxon 390
Signed Rank Test, Z=-2.701, p<0.001) amongst the twelve distinct populations identified 391 (the Mulkear was considered one population for this analysis due to the lack of a 392 significant between the two Mulkear samples), with significantly lower MHC class I 393 seen in 43 of 66 population pairs (Jacknife test, CI 99.9% on neutral expectations, Fig 5) . three times that at neutral microsatellites in salmonids (Narum et al., 2008) ) it is possible, 461 even likely, that they would have found lower population differentiation at MHC. Another 462 possibility may be that there are more issues with homology at the MHC-linked 463 microsatellite locus than the neutral loci, which would depress estimates at the former, 464 although there are no data to support this. 465 466 Directional selection can also cause lower differentiation at MHC through exposure 468 to the same pathogen (Teacher et al., 2009; Fraser & Neff, 2010) . This occurs because a 469 specific pathogen will select for and against the same MHC alleles in separate 470 populations, causing their allele frequencies to become more similar. No agent of 471 homogenising, directional selection could explain the lower differentiation across the S. 472 trutta populations that have been monitored for several decades. However, this issue was 473 not examined directly and this may be an interesting avenue for future research. Carrowniskey system, now referred to as the Lough Alisheen population, has strong 778 assignment to a unique cluster. This is interesting given there are no physical barriers 779 between this cluster and the downstream population which we term Carrowniskey. Indeed, 780
there is more evidence of admixture between the Carrowniskey and the Erriff population to 781 the South (see Figure 1 ) than between the Carrowniskey and Lough Alisheen. presented separately as the values are relevant to the waterfall case studies and the 817 above waterfall population is implicitly reproductively isolated. It's interesting to note that 818 although neutral allelic richness is lower in the Srahrevagh (AW) sample than all open 819 populations bar the Mulkear (BW) sample, MHC allelic richness is higher than that found in 820 both open populations in the Burrishoole system. The Skerdagh S1 population also shows 821 some signs of reduced allelic richness at both neutral and MHC loci whereas, curiously, 822
the Skerdagh S4 has reduced neutral allelic richness but much higher allelic richness at 823 MHC. 
